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We propose a new protocol to examine polaron properties in a cold atom experiment. Initially,
impurity clouds are prepared around the edge of a majority gas cloud. After time evolution, the
collision of two impurity gas clouds exhibits several polaron properties. To confirm our scenario,
we perform a nonlinear hydrodynamic simulation for collisional dynamics of two Fermi polaronic
clouds. We found that the dynamics is governed by the impurity Fermi pressure, polaron energy,
and multi-body polaron correlations. The different density dependence among these effects would
help to confirm each effect by experiments. Our idea is applicable to other systems such as Bose
polarons as well as nuclear systems.
PACS numbers:
Introduction— Ultracold atomic gases provide us
with an ideal testing ground for fundamental quantum
physics [1, 2]. Recently, this system enables quantum
simulation of extreme states of matter such as neutron
matter [3–14] and high-Tc superconductors [15–20]. A
striking feature of this system is the controllability of
physical parameters such as interaction and density. This
advantage helps to extensively investigate various proper-
ties of the most fundamental quantum impurity system,
namely, a polaron [21, 22].
The so-called Fermi (Bose) polaron can be realized by
immersing impurity atoms into fermionic (bosonic) gas
clouds, which work as a medium for impurity atoms.
Since these systems are described by a simple Hamil-
tonian, various physical properties of the polarons can
be investigated experimentally and theoretically as an
important benchmark of quantum many-body physics.
In particular, the excitation properties of polarons have
been precisely determined from the RF spectroscopy [23–
28] as well as the spin-dipole oscillation [29, 30]. Further-
more, the induced polaron-polaron interaction in a Fermi
sea has been observed in recent experiments [31, 32]. This
interaction, which reflects medium properties, has at-
tracted much attention from various research fields such
as condensed matter [33] and nuclear physics [34, 35].
For example, light cluster and strange hadronic states in
nuclear matter such as deuterons, alpha particles, and hy-
perons can be regarded as quantum impurities in strongly
correlated nuclear media [36].
The energy shift and broadening in Fermi polaron spec-
tra have been discussed in connection with the polaron-
polaron interaction [37–39]. In the case of Bose po-
larons, formation of bipolarons originating from these
mediated interactions has been predicted [40, 41]. While
these induced interactions are relatively long-ranged,
such as Ruderman-Kittel-Kasuya-Yoshida (RKKY) in-
teraction [42–44] in heavy Fermi polarons [45, 46] and
FIG. 1: Initial setup for later impurity collision in our pro-
tocol. Two minority (↓) clouds are separately prepared near
the edge of a majority gas cloud (↑) in a harmonic trap. Af-
ter certain time evolution, these impurity clouds fall into the
trap center due to the harmonic trap potential as well as the
polaron binding energy.
Yukawa or Efimov attractions [40, 47] in Bose polarons,
such a non-locality of the induced interactions is still un-
der investigation. Although non-trivial pairing states due
to the induced interactions have extensively been dis-
cussed [45, 48–51], these states have not yet been ob-
served. The non-locality may also play a crucial role in
the spatial structure of impurities and media [52–56]. In
examining how induced interactions depend on the inter-
impurity distance, an alternative experiment design as-
sociated with the dynamics is promising [57–59].
In this work, we propose a novel scheme to investi-
gate the polaron properties in cold atom experiments, as
shown in Fig. 1. First, we prepare two-component gas
clouds in such a way that two clouds of minority compo-
nent (spin down) are separated at a distance in the axial
direction. Since the minority clouds gather at the trap
center after certain time evolution, they collide with each
other and finally reach thermal equilibrium in the pres-
2ence of dissipation. Since the spin-selective preparation
in real space is realizable in ultracold atoms [60–62], our
idea can be demonstrated in future experiments. We note
that a similar protocol has theoretically been proposed
to realize a spin-polarized droplet in a unitary superfluid
Fermi gas [63].
To confirm this scenario, we demonstrate the colli-
sional dynamics of impurity clouds by solving non-linear
hydrodynamic equations and discuss how the polaronic
properties affect the dynamics during the time evolution.
We note that the hydrodynamic description works well
to reproduce the dynamics of strongly interacting Fermi
gases in real experiments [29, 30, 60, 64, 65]. Euler’s
equation for this system is given by [66, 67]
∂vσ
∂t
+
∇v2σ
2
= −
∇
m∗σ
(
∂E
∂nσ
+ Vtrap,σ
)
− γσvσ, (1)
∂nσ
∂t
+∇ · (nσvσ) = 0, (2)
where nσ and vσ are the local density and velocity
field of majority (σ =↑) and minority (σ =↓) atomic
clouds, Vtrap,σ(z, r⊥) = (mσω
2
z,σz
2 +mσω
2
⊥,σr
2
⊥)/2 with
r⊥ =
√
x2 + y2 is the trap potential for σ component of
bare mass mσ located at the position (x, y, z) with re-
spect to the trap center, and γσ and m
∗
σ are the spin
relaxation coefficient and effective mass for σ compo-
nent. The majority component can approximately be
described by an ideal gas; we thus set m∗↑ = m↑ and
γ↑ ≃ 0. We employ the energy density E based on the
Landau-Pomeranchuk Hamiltonian [68] as
E = ΞP + ΞA + ΞF + ΞG +O(n
4
↓), (3)
where ΞP is the pressure term. In the case of Fermi-Fermi
mixtures, it is given by
ΞP =
3
5
n↑εF,↑ +
3
5
n↓εF,↓, (4)
where εF,σ = (6pi
2nσ)
2
3 /(2m∗σ). The other terms ΞA =
−αn↓, ΞF = ζn
2
↓, and ΞG = τn
3
↓ are associated with
the polaron energy, polaron-polaron interaction, and in-
duced three-body force, respectively. From dimensional
analysis, one can obtain α = χεF,↑, ζ =
3
5κ
εF,↑
n↑
, and
τ = 35λ
εF,↑
n2
↑
with constants χ, κ, and λ.
Before moving to numerical calculations, we clarify
how the polaronic properties appear in the collisional dy-
namics. ΞP induces the repulsive force as
∇
(
∂ΞP
∂n↓
)
=
(6pi2)
2
3
3m∗
↓
∇n↓
n
1
3
↓
, (5)
which depends only on the impurity density n↓. On the
other hand, an attractive force originating from ΞA as
given by
∇
(
∂ΞA
∂n↓
)
= −
(6pi2)
2
3χ
3m↑
∇n↑
n
1
3
↑
(6)
depends only on the majority density n↑. We assume
that the majority cloud is not affected by the impurity
dynamics due to the high polarization. Therefore, ΞA
works as a potential energy for impurities. Moreover, one
can find that the interaction terms ΞF and ΞG depend
on both of the minority and majority densities as
∇
(
∂ΞF
∂n↓
)
=
(6pi2)
2
3 κ
5m↑n
1
3
↑
[
3∇n↓ −
n↓
n↑
∇n↑
]
, (7)
∇
(
∂ΞG
∂n↓
)
=
(6pi2)
2
3λ
5m↑n
1
3
↓
[
9
n↓
n↑
∇n↓ − 2
(
n↓
n↑
)2
∇n↑
]
. (8)
From the above, one can find that effects of the induced
multi-polaron forces (7) and (8) on the dynamics become
stronger in a region where the gradient of the majority
density profile |∇n↑| is larger. We emphasize that it is
a sharp contrast to the case of ΞP in which the force is
not affected by the majority density. Such differences of
density dependence among these ingredients enable us to
selectively examine each effect during the dynamics in
an appropriate setup. This is remarkable since recently
a variety of shapes of trap potentials are experimentally
realized. If one prepares the majority density profile with
a large gradient at thermal equilibrium and locates im-
purity clouds on such a gradient, only polaronic effects
on the driving force would be strongly enhanced.
In this work, we consider Fermi polarons with m↑ =
m↓ that are induced by the ↑-↓ attraction in the unitary
limit. As long as the trap potential is independent of σ,
i.e., Vtrap,↓ = Vtrap,↑ ≡ Vtrap with ωz,↓ = ωz,↑ ≡ ωz
and ω⊥,↓ = ω⊥,↑ ≡ ω⊥, quasi-particle properties of
this system are relatively well-known theoretically [68–
80] and experimentally [23, 24, 28–30]. We thus em-
ploy χ = 0.6, κ = 0.2, and m∗↓/m↓ = 1.17. Particu-
larly, these are close to the FNDMC results (χ = 0.59,
κ = 0.14, and m∗↓/m↓ = 1.09), which essentially in-
volve effects of the polaron formation and the induced
interpolaron correlations in a non-perturbative manner.
We take λ = 0 since λ is negligibly small in the mass-
balanced Fermi-Fermi mixture [68]; it may play a non-
trivial role in Bose polarons as well as in mass-imbalanced
mixtures. The majority density is approximated by
the Thomas-Fermi density profile of an ideal trapped
Fermi gas as n↑ =
(2m↑)
3
2
6pi2 [EF,0 − Vtrap(r⊥, z)]
3
2 , where
EF,0 = (6N↑ωzω
2
⊥)
1/3 is the Fermi energy of majority
atoms of total number N↑. In addition to the above
polaron properties in the energy density, the spin re-
laxation coefficient γ↓ of a Fermi polaron is known to
3be proportional to (T/TF,↑)
2 in the low temperature
regime [23, 78–80], where TF,σ is the effective local Fermi
temperature of σ component. Note that the bulk vis-
cosity is exactly zero at unitarity limit due to the con-
formal symmetry [81]. The shear viscosity, at least in a
population-balanced unitary Fermi gas, is small due to
strong correlations [64, 82, 83]. Indeed, it is expected to
be close to the Kovton-Son-Starinets (KSS) bound [84].
For simplicity, we ignore such transport coefficients in
this work.
The purpose of this letter is not to examine the whole
precise dynamics during the collision but a transient be-
havior before the collision in a qualitative way. In this
regard, we focus only on the axial motion (along which we
take the z-direction). The hydrodynamic equations rele-
vant for this motion are reduced to the one-dimensional
equations,
∂vz,σ
∂t
= −
1
m∗σ
∂
∂z
(
∂E
∂nσ
)
− γσvz,σ
−vz,σ
∂vz,σ
∂z
−
mσ
m∗σ
ω2zz, (9)
∂nσ
∂t
= −vz,σ
∂nσ
∂z
− nσ
∂vz,σ
∂z
, (10)
Following recent polaron experiments [28], we take
ωz/ω⊥ = 20/233 and N↑ = 1.5 × 10
5. We set an initial
condition in such a way that the initial impurity density
profile n↓(z, t = 0) has double peaks near the edge of the
majority gas cloud as in Fig. 1. The form adopted here
is
n↓(z, t = 0) =
Y n↑(0)
2
√
2piη2
[
e
−
(z+zI)
2
2η2 + e
−
(z−zI)
2
2η2
]
. (11)
Here, we set zI = 0.8Rz for instance. Since the impu-
rity concentration Y is required to be small to keep the
stability of the majority cloud during the time evolu-
tion, we take Y = 0.01. Finally, the width of impurity
clouds is taken as η = 0.05Rz. We have confirmed that
change in this choice would make no qualitative differ-
ence. The nonlinear differential equations (9) and (10)
are numerically solved by the fourth-order Runge-Kutta
method with the discretization of the space and time as
∆z = 4 × 10−5Rz and ∆t = 1.33 × 10
−3E−1F,0. These
are chosen in such a way as to fulfill ∆z/∆t > |vz,↓|,
which is required to stabilize the numerical simulation as
indicated by the Courant-Friedrichs-Lewy condition [86].
Furthermore, we take a smearing process along the z di-
rection as f(zi) = [f(zi−1) + f(zi+1)]/2 (f = n↓, v↓) at
each step. This procedure is justified when ∆z is suffi-
ciently small.
Numerical results— Figure 2 (a) exhibits time-
dependent axial density profile n↓(z) of fermionic impu-
rity clouds with γ↓ = 0. The collision time tc can be
estimated as the 1/4 period of dipole oscillations, i.e.,
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FIG. 2: The time evolution of fermionic impurity clouds in a
Fermi sea before the collision in the presence of the impurity
Fermi pressure (ΞP) as well as polaronic properties (ΞA+ΞF).
The panels (a) and (b) show the axial density profile and the
velocity field profile vz,↓(z), respectively.
tcEF,0 =
1
4
2pi
ω∗
z
≃ 666, where the renormalized axial trap
frequency ω∗z involves the effective mass m
∗
↓ and the at-
tractive polaron energy ΞA as ω
∗
z = ωz
√
m↓
m∗
↓
(1 + χ).
The impurity Fermi pressure (P) and the polaron-
polaron interaction (F) induce appreciable broadening
of impurity clouds. In particular, the impurity Fermi
pressure plays an important role just before the collision
because ΞP becomes large when n↓ increases. While a
core appears near the trap center (z = 0) at t ∼ 0.9tc,
one can find broadened impurity clouds still remain even
around t = tc. It is analogous to the shock wave for-
mation observed in the collision experiment in a uni-
tary Fermi gas [60]. Figure 2(b) displays the velocity
field profile vz,↓(z) in the absence of the spin relaxation.
Around t = tc, |vz,↓(z)| is also large in a region near the
trap center where the core is seen. In addition, the z-
derivative of vz,↓(z) becomes discontinuous around the
inner edges of the gas clouds, which is reminiscent of the
shock front. Since the shock wave is formed when |vz(z)|
exceeds the velocity of sound given by c =
√
n↓
m↓
∂2E
∂n2
↓
, the
region where |vz,↓(z)| is large and n↓(z) is small is ex-
pected to be shock dominated. Indeed, at a typical den-
sity n↓(z) = 10
−2n↑(0), we obtain c ∼ 2 × 10
−4RzEF,0.
We note that in our calculations |vz,↓(z)| is always less
than ∆z/∆t = 3×10−2RzEF,0, as mentioned above [86].
To examine effects of the polaron-polaron interaction
(ΞF), we demonstrate the collisional dynamics of two im-
purity clouds in the absence of the impurity Fermi pres-
sure (ΞP); the results for the axial density profile n↓(z)
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FIG. 3: Time-dependent axial density profile n↓(z) of im-
purity clouds obtained with different strength of the polaron-
polaron interactions in the absence of the impurity Fermi pres-
sure. The cases of (a) κ = 0, (b) κ = 0.2, and (c) κ = 1 are
plotted.
with different strength of the polaron-polaron interac-
tions [(a) κ = 0, (b) 0.2, and (c) 1] are exhibited in Fig.
3. The comparison between (a) and (b) indicates that the
polaron-polaron interaction with κ = 0.2, which is rele-
vant for polarized 6Li-6Li mixture, plays a role in broad-
ening impurity gas clouds although it is small compared
to the impurity Fermi pressure effect shown in Fig. 2 (a).
In addition, the shock wave or ripple behavior (biased
peaks) can be found near the inner edge of impurity gas
clouds. We note that the shock wave is not formed dur-
ing the evolution in the absence of ΞP and ΞF (see Fig.
3 (a)), because ΞA does not involve ∇n↓, which acts to
broaden the impurity clouds. In other words, two impu-
rity clouds in the initial setup have already behaved as
shock waves because of c = 0 everywhere. In this case,
two impurity clouds propagate like solitons and shrink as
they fall into the center. To make the effect of ΞF more
visible, we also perform the simulation with strongly re-
pulsive polaron-polaron interaction (κ = 1), as shown in
Fig. 3(c). Indeed, one can find the broadening of impu-
rity clouds as well as the appearance of ripples and a core
during the evolution. We note that the present case with
vanishing impurity Fermi pressure is relevant for bosonic
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FIG. 4: Axial impurity density profile n↓(z) obtained at (a)
t = tc/4, (b) t = tc/2, (c) t = (3/4)tc, and (d) t = tc. The
four sets of the sum of the energy contributions are drawn as
E = ΞA +ΞP +ΞF, ΞA, ΞA +ΞF, and ΞA +5ΞF. The dotted
line shows the initial density profile given by Eq. (11).
impurities immersed in a Fermi sea. In the latter case,
the role of the impurity Fermi pressure may be replaced
by the boson-boson repulsion.
Finally, we plot in Fig. 4 the axial impurity density
profile n↓(z) at intermediate times t = tc/4–tc. These re-
sults clearly reflect specific features of this protocol that
we have discussed. While the comparison between the
results of E = ΞA and E = ΞA + ΞF at t = tc/2–(3/4)tc
shows the cloud broadening due to ΞF, such a difference
at t = tc is negligible because the polaronic properties are
important near the edge of the majority cloud rather than
the trap center. The biased peaks near the inner edge,
which can be seen in the results of E = ΞA + ΞP + ΞF
and E = ΞA+5ΞF at t = tc, clearly indicate the appear-
ance of ripples due to the repulsive forces. From Fig. 4
(d), moreover, one can confirm the shock wave forma-
tion at t = tc in the cases of E = ΞA + ΞP + ΞF and
E = ΞA + 5ΞF where the central core and surrounding
parts coexist. These results suggest that since the impu-
rity Fermi pressure can be estimated from the well-known
equation of state of an ideal Fermi gas, one could extract
information on the polaron-polaron interaction from rel-
evant experiments.
Summary— In this work, we propose a new protocol to
examine the polaron properties from collisional dynamics
of impurity clouds in cold atom experiments, which begin
by preparing the two impurity clouds around the edge of
a majority gas cloud. To demonstrate our scenario, we
perform the numerical simulation with nonlinear hydro-
dynamic equations and show how the polaronic effects
appear in the non-equilibrium dynamics. In addition, we
show that the collision is sensitive to the polaron-polaron
5repulsion. In the absence of the impurity Fermi pressure
and this repulsion, impurity clouds collapse at the center
of the trap. Since these effects exhibit different density
and temperature dependence, one can selectively exam-
ine each effect by tuning the experimental setup appro-
priately.
We emphasize that our study could open new direc-
tions for further understanding of polarons. Our sce-
nario can immediately be applied to other systems such
as Bose polarons. In this work, we confine ourselves to
the one-dimensional dynamics before the collision since
the cloud motions are governed by the spin-dipole mode.
On the other hand, the quadrupole mode can be ex-
pected to occur after the collision, especially in the re-
gion where the central core is formed. Study of this col-
lective mode would require full treatment of the three-
dimensional dynamics, which involves the shear viscos-
ity [67]. In addition, the local density approximation
adopted here neglects the long-range nature of the in-
duced polaron-polaron interaction. Effects of the long-
range RKKY-type interaction could also manifest them-
selves in our setup, and we are now in progress along this
direction [87].
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